The relative contribution of chemosynthesis in heterotrophic fauna at seeps is known to be influenced by depth and by habitat. Using stable isotopes of carbon and nitrogen, we investigated macro-and megafaunal nutritional patterns in Norwegian margin cold seeps by comparing food webs both among habitats within a seep site and between different sites. The very active Håkon Mosby mud volcano (HMMV) is characterized by geochemical gradients, microbial activity and faunal zonation from the centre to the periphery. The Storegga Slide (600-900 m depth) has pockmarks with patchy less active seeps, and also shows concentric zonation of habitats but at much smaller spatial scale. The dominant carbon source for macrofaunal nutrition in both areas was chemosynthetically fixed and the bulk of organic carbon was derived from sulphur-oxidizing bacteria. In HMMV, food chains were clearly separated according to habitats, with significantly lighter δ 13 C signatures on microbial mats and adjacent sediment (−33.06 to −50.62‰) than in siboglinid fields (−19.83 to −35.03‰). Mixing model outputs revealed that the contribution of methane-derived carbon was small in siboglinid fields (0-17%) but significant (39-61%) in the microbial mats. Moreover, the variability of macrofauna signatures within this later habitat suggests the co-occurrence of two food chains, one based on primary production via methanotrophy and the other via sulphide oxidation. The length of the food chains also varied among habitats, with at least one more trophic level in the siboglinid fields located at the periphery of the volcano. Conversely, in Storrega pockmarks, faunal δ 13 C signatures did not vary among habitats but among species, although separate food chains seem to co-occur. The small size of the seepage areas and their lower fluxes compared to HMMV allow more background species to penetrate the seep area, increasing the range of δ 15 N and the trophic level number. Probably due to the higher flux of photosynthetic particulate organic carbon, the overall chemosynthesis-based carbon contribution in invertebrate nutrition was lower than that in HMMV.
Introduction
Cold-seep ecosystems are found along the wide bathymetric range of continental margins, where they are related to release of methane-enriched fluid or gas, often driven by tectonic processes. In these ecosystems, methane and sulphide are the two energy sources of the predominantly chemosynthesis-based production. Nevertheless, cold-seep ecosystems also receive variable input of organic matter from surface waters, according to depth and dynamic context. The importance of chemosynthetic nutritional pathways versus photosynthesis have been related to depth comparing seeps along the Eastern Pacific (Levin et al. 2000, Levin and Michener 2002) and along the Sakhalin margin (Sahling et al. 2003) , revealing an increase of chemosynthetic contribution to invertebrate diets at the deepest sites where external inputs are lower than on continental shelf and slopes. From stable isotope analysis of animal tissues and source signatures, these authors estimated a methane derived carbon contribution of 0-20% for the shallowest California slope seeps (520 m depth) to 20 to 50% in the deepest along Alaska or Florida margins (> 3000m). At 2000m in the oligotrophic eastern Mediterranean, invertebrates associated with methane seeps on mud volcanoes are virtually exclusively fuelled by carbon of chemosynthetic origin with percentages of methane derived carbon varying among species between 0-33% (lower estimates) to 21-100% (upper estimates) (Carlier et al. 2010 ). Finally Thurber et al. (2010) reported a contribution of 21-73% of methane-derived carbon for the New Zealand seep fauna. Taking into account the whole community, chemosynthesis contribution is generally high in seep communities that are dominated by chemoautotrophic symbiont-bearing invertebrates (siboglinid polychaete tubeworms, mytilids, vesicomyid bivalves). Stable isotope signatures of non-symbiotic endemic species or opportunists also reveal high use of chemosynthesis-based carbon, relying directly or indirectly on free microbial communities (methane oxidizing archae or sulphur oxidizing filamenteous bacteria). These taxa include dorvilleid, polynoid, capitellid or ampharetid polychaetes, several grazers (gastropods, alvinocarid shrimps) or deposit feeders (sipunculids, echinoids, holothurids) (Levin et al. 2000 , Van Dover et al. 2003 , MacAvoy et al. 2005 , Carlier et al. 2010 ). Higher level predators resident to seeps such as a few fish, large crustaceans, sea-stars or buccinid gastropods may have almost 100% reliance on seep production (MacAvoy et al. 2002) . Large vagrant predators are abundant in bathyal depths and can also export chemosynthesis-based material from seeps (MacAvoy et al. 2002) . A few fish also seem to export chemosynthetic material at deeper sites with up to 38% of seep material in their diet ). Opportunistic taxa whose diet is mostly composed of decayed photosynthesis-based mater also consume small amounts of chemosynthetic production. The mean contribution of seep production is therefore balanced by species highly dependent from chemosynthesis, and opportunists and vagrant background fauna taking more or less benefit of local production.
The proportion of seep-dependent taxa may also vary according to habitats generally related to the intensity of the fluid flow. Biogenic structures created by large size symbiont-bearing species (Sibuet and Olu-Le Roy 2002) , along with microbial mats, generate diverse habitats at seeps (Levin 2005) , where small heterotrophic fauna live. Levin & Michener (2002) and Levin & Mendoza (2007) evidenced differences in δ 13 C signatures and then methane derived carbon contribution among habitats (microbial mats, vesicomyid fields, siboglinid fields) whatever the depth of the seeps.
The Håkon Mosby Mud Volcano is a 2-km diameter structure affected by high fluid, gas and mud expulsion and characterized by concentric distribution of habitats defined both visually by the occurrence of microbial mats, siboglinid fields, or bare sediment, and by geochemical gradients that also induce heterogeneity in microbial communities and processes (Jerosh et al. 2007 , Nieman et al. 2006 ). This site located at mid-slope (1200m) along the Norwegian margin, is therefore quite useful for testing the hypothesis that chemosynthetic material becomes less important along the gradient of geochemical and sulphur-oxidizing bacteria and occurrence of methanotrophic bacteria communities (Lösekann et al. 2007 ). Other cold seeps have been recently discovered along the Norwegian margin, on the Storrega slide between 600 and 900m depth (Foucher et al. subm) . Patchy seepage areas are characterized by moderate fluid flow, but also revealed habitat zonation (microbial mats, siboglinid fields) around the fluid source, at decimetre to meter scales, colonised by fauna taxonomically related to HMMV one (Decker et al. subm.) . Comparison of the spatially structured Mud Volcano with the communities associated with small-size seeps isolated within low active pockmarks, likely receiving higher detrital particulate fluxes, but characterized by similar habitat zonation than observed in the mud volcano is quite interesting in this context. We thus propose in this paper to compare isotopic signatures (δ 13 C and δ 15 N) of invertebrates sampled by ROV in several habitats of the HMMV and of pockmarks of the Storrega slide (including Nyegga area) to assess the role of chemosynthetic vs. photosynthetic food sources in the nutrition of benthic communities (δ 13 C) and to unravel trophic relationships among their faunal components (δ 13 C and δ 15 N). This multi-scale study aims to compare these patterns both among habitats within a seep site and between seeps and could help to assess habitat vs depth, seep size or activity influence on macro and megafaunal nutrition at seeps. The following questions were addressed: (1) Do habitats influence macro-megafauna nutritional patterns, i.e. number and length of food chains and origin of carbon, along the geochemical gradient of the Håkon Mosby Mud Volcano?, (2) Do habitats also influence these characteristics at smaller and shallower seepage areas on pockmarks along the Norwegian margin?
Study area

Håkon Mosby Mud Volcano
The Håkon Mosby Mud Volcano (HMMV) (72°N, 14°44'E) is located at 1250 m depth along the Norwegian margin (Vogt et al. 1997) . The circular mud volcano comprises (1) a flat central and southern part interpreted as an area of recent mud flows; this flat area was called crater by Milkov et al. (2004) , (2) a surrounding area characterized by a hummocky seafloor, interpreted to be composed of deformed old mud flows; (3) a pr onounced moat at the periphery of the mud volcano (Foucher et al. 2010) . The mud volcano is characterised by exceptionally high activity of fluid and gas ejections from the seabed with thermal and fluid flow gradients from the centre to the periphery (Milkov et al. 2004 , Feseker et al. 2008 , and zonation of microbial activity and sediment geochemistry . Previous studies on HMMV revealed that chemosynthetic habitats are distributed according to these activity gradients with a central zone apparently devoid of fauna, an intermediate zone covered by microbial mats and a peripheral zone colonised by two species of symbiont-bearing siboglinid polychaetes, Sclerolinum contortum Smirnov, 2000 (Monilifera) and Oligobrachia haakonmosiensis Smirnov, 2000 (Frenulata) (Gebruk et al. 2003 , Jerosch et al. 2007 ). The meiofaunal and macrofaunal communities associated with these habitats are clearly structured by habitat, with a few taxa in the centre of the volcano and a more diversified fauna in the peripheral siboglinid fields (Gebruk et al. 2003 , Soltwedel et al. 2005 , Van Gaever et al. 2006 .
Storegga Slide
The Storegga Slide is a giant submarine land slide located in the southern part of the Norwegian margin (64°45'N, 04°59'E), where some pockmarks have been discovered between 600 and 900 m depth (Hustoft et al. 2007 , Paull et al. 2008 , Foucher et al. 2009 (Fig 1) . Few of these are presently active (Foucher et al. 2009 ). Deepage is dominated by advection of methane in solution in pore water, which could be derived from dissolution of hydrate in the chimney (Foucher et al. subm.) . Chemosynthetic communities, similar in composition to those colonising HMMV, have developed in small areas, sparsely distributed around fluid sources (Decker et al. subm) but megafauna and particularly suspension feeders are abundant along the slope, both in and out of the pockmarks, likely in relation with high input of particulate organic matter (Foucher et al. subm.) ..
Nyegga area
On the north-eastern flank of the Storegga Slide, in an area called Nyegga, one pockmark called G11 was discovered at 750 m depth, and surveyed by ROV (Hovland et al. 2005) . Similar to the pockmarks found on the Storegga Slide, small, scattered seep areas have been observed in the Nyegga area with chemosynthetic communities distributed around fluid sources (Decker et al. subm) . As on HMMV, microbial filaments comprise the communities nearest to the fluid source, surrounded by siboglinid fields of Sclerolinum cf. contortum and Oligobrachia cf. haakonmosiensis. A ring of small Rissoidae gastropods was observed at each seep between the microbial mats and the siboglinids.
Inside the G11 pockmark, small mounds called "pingoes", initially thought to be formed by gas hydrates (Hovland and Svensen 2006) were also observed. These mounds are colonised by siboglinid polychaetes Sclerolinum cf. contortum Svensen 2006, Vanreusel et al. 2009, Decker et al. subm) . In contrast to HMMV, the Storegga Slide and the Nyegga area are characterised by an abundant background community and a high particulate fluid flow observed during the ROV dive.
Materials and methods
Sampling strategy
On HMMV, macrofauna (≥250µm) and magafauna (fauna visible on video-images) were sampled during the Vicking cruise (May-June 2006) aboard the R/V Pourquoi pas? with the ROV Victor 6000 (chief scientist, H. Nouzé). According to zonation, three different habitats were sampled (Figure 2 ) that correspond to sampling sites in Decker et al. (subm.) : (1) white microbial mats (dominated by white filamentous bacteria); (2) sediment adjacent to microbial mats; (3) siboglinid polychaete fields dominated by S. contortum. On Storegga and Nyegga pockmarks, two habitats found near the fluid source were sampled: (1) microbial filaments surrounded by gastropods, (2) siboglinid fields composed of the two species S. cf. contortum and O. cf. haakonmosbiensis (Figure 3 ) as well as background megafauna in the vicinity of the seeps.
The macrofauna and megafauna were sampled using a suction sampler, manipulated by the ROV, and the ROV's grab arm. On HMMV, three replicates in each habitat were taken over a surface of 0.04 m² delimited by four laser beams. On Storegga and Nyegga pockmarks, two replicates were taken in microbial filaments and three in siboglinid fields and in background sediment. On each habitat, replicates came from one contiguous habitat. To carry out isotope measurements, 1 to 20 individuals of the major and larger taxa (≥1 mm) were isolated and fixed in liquid nitrogen on board and then stored at -80°C in the lab.
Sample processing
Samples for carbon and nitrogen isotope measurements were obtained from 17 macro-or megafauna taxa identified to the family level or higher on board. Molluscs were identified to the species level by Anders Warén and polychaetes to the family level by Marie Morineaux. From 1 to 20 individuals per taxon were used for analysis. Pooled individuals or alcoholpreserved individuals were used for small taxa, for which the amount of dry material of a single specimen was insufficient. In Table 2 are indicated the number of samples and the number of individuals pooled in each sample. Entire organisms were used for isotope analysis, with the exception of comatulids, ophiurids (for which analyses were performed on arms) and fishes (muscle tissue), which were dissected on board. For bivalves and tanaids preserved in alcohol, isotope signatures were corrected based on the comparison of alcoholand liquid nitrogen-preserved individuals. To assess the correction, individuals from five different taxa (siboglinid and capitellid polychaetes, pycnogonids, amphipods and gastropods) preserved in alcohol were analysed and compared to frozen individuals of the same taxa. The relationship between isotope signature of alcohol-and liquid nitrogenpreserved individuals is linear with R²>0.86.
Organisms with carbonate skeleton were acidified in 4.75 M HCl to remove carbonate and then dried at 60°C for 72 h. Other, non-acidified organisms were freeze-dried for 48 h. After homogenization, about 1.0 ± 0.5 mg of material (precision: 0.001 mg) was weighed in tin capsules. For each sample, duplicates were prepared and sent to the Scottish Crop Research Institute in Scotland for analysis.
Samples were analysed using continuous-flow isotope-ratio mass-spectrometry (CF-IRMS) using a Sercon 20-20 stable isotope analyser with an ANCA-GSL solid/liquid preparation module (Sercon Ltd., Crewe, UK). Using the dual isotope mode, both  15 N and  13 C were measured on the same sample (precision was 0.2‰). The methods are fully described in Scrimgeour and Robinson (2003) . Carbon and nitrogen isotope ratios are expressed as δ [(delta)] values, ‰ deviation from standard reference materials which are PDB (Pee Dee Belemnite ) for carbon, and atmospheric nitrogen for nitrogen (Peterson and Fry 1987 Trophic relationships were inferred from both carbon and nitrogen signatures, based on enrichments of ≤1‰ in δ 13 C and 3.4‰ in  15 N, which are the generally accepted values that correspond to the change in stable isotopes between two successive trophic levels (Conway et al. 1994 ).
For each habitat and taxon, the percentage of methane-derived carbon in the diet was estimated using a two-source isotope mixing model (Fry and Sherr 1984) . We used the equation employed by Levin and Michener. (2002) :
where F is the percentage of methane-derived carbon in the diet of the individual, and δ 13 C i , the carbon isotopic signature of the taxon. As assumed by Levin & Michener (2002) , no trophic shift was included as negligible (≤1‰ per trophic level) for δ 13 C. To have upper and lower estimates of methane-derived carbon in faunal tissues, two estimates were made with two different "source 2" end-members: the lower estimate (F m/SOB ) was obtained using δ C methane value of -59.2‰ on HMMV (Lein et al. 1999 ), a δ 13 C methane value of -57.9‰ on the Storegga Slide pockmark (Paull et al. 2008 ) and -69.3‰ for the G11 pockmark in the Nyegga area (Hovland et al. 2005 ). For δ 13 C SOB , we used the signature of sulphur-oxidizing bacteria from mats on HMMV obtained in this study. The mean signature of S. cf. contortum sampled on Storegga slide, that probably contained the same sulphur-oxidizing symbionts as S. contortum on HMMV (Lösekann et al. 2008) , was used for determining the proportion of chemosynthesis-derived carbon for Storegga Slide pockmark taxa as no estimation for δ 13 C sulphur-oxidizing bacteria from mats was available on these pockmarks. ,On HMMV, the δ 13 C of S. contortum and microbial mats were within 0.3 per mil only.
Results
Stable isotope signatures
The δ 13 C signatures of the 19 species of macro-and megafauna sampled respectively on the microbial mats (4 species), adjacent sediment (5 species), and siboglinid fields (10 species) on HMMV ranged from -50.6‰ to -20‰ (Table 1, Figure 4) . The most depleted taxa were those associated with microbial mats (Dorvilleidae and Capitellidae polychaetes, pygnogonids and Rissoidae gastropods) or sampled a few meters away in sediment (Amphipoda and Zoarcidae, which have the lightest δ 13 C). Macrofaunal taxa associated with microbial mats and adjacent sediment had very depleted but homogeneous δ 13 C values, all between -45 and -51‰, although the microbial mat signature had higher values (-35.3 ± 3.4‰) ( Table 1) . Capitellidae polychaetes and pycnogonids (Pantopoda) living on mats and in adjacent sediment showed similar carbon and nitrogen signatures in both habitats, while Rissoidae gastropods, Alvania sp., were less depleted in carbon in adjacent sediment than in microbial mats. Signature variability among individuals tended to be higher in adjacent sediment than on mats (e.g. Capitellidae) but the number of individuals analysed from sediment was generally higher and is likely a bias for this comparison.
The three sampled habitats were clearly separated according to macrofaunal δ 13 C signatures (Kruskal-Wallis: p=0.001). However, mats and adjacent sediment did not differ significantly (non-parametric multiple comparisons: p = 0.970). Indeed, the mean signature of macrofauna associated with S. contortum fields had heavier δ 13 C values (-27.0 ± 5.7‰) than those of macrofauna on white microbial mats or the adjacent sediment (-47.0 ± 1.46‰ and -47.04 ± 4.0‰, respectively).
In siboglinid fields, δ 13 C signatures had a larger range than in other habitats, from-19.8‰ to -35.0‰. Together with Sclerolinum contortum, Amphinomidae polychaetes and pygnogonids showed the most depleted signatures. Tanaids, Caprellidae amphipods, Thyasiridae bivalves and isopods had intermediate δ 13 C (between 25 and 30‰), while the ophiurids, the gastropod Cryptonatica affinis and Flabegilleridae polychaetes have higher δ 13 C. Small crustaceans (amphipods, isopods and tanaids) showed variable δ 13 C signatures, suggesting heterogeneity of their food sources. The pygnogonids, the only taxa sampled in all three habitats, clearly differed in their carbon signature, being enriched at least of 10‰ in the siboglinid fields.
In the mats and adjacent sediments, δ 15 N range was relatively narrow, from the mat itself with high sample variation (-3.4‰ ± 3.1) to the Rissoidae gastropods (7.2‰) while Zoarcidae fish had the heaviest value (7.5 ± 0.9‰) in the adjacent sediment community. The species sampled here had higher signatures in nitrogen than those from mats (e.g. Dorvilleidae polychaetes) that may derive their nutrition directly from microorganisms. Unlike HMMV, the values of δ 13 C on the Storegga pockmark did not clearly differ among habitats (Kruskal-Wallis: p = 0.10), but varied with taxa irrespective of the habitat from which they were sampled (Table 2, Figure 5 ). The different species of gastropods and of shrimps seemed to differ from each other by their signatures (except Alvania sp and Colus sabini), whatever their habitat, although these differences were not statistically significant (KruskalWallis:: p=0.17). First, the two siboglinid species were distinct with lighter δ 13 C values for Oligobracchia. cf. haakonmosbiensis (-62.4 ± 4.8‰) than for S. cf. contortum (-41.5 ± 2.4‰) (Kruskal-Wallis, p<0.001). Alvania sp. and Colus sabini gastropods, the polychaetes and one Caridae species (sp3) had depleted δ 13 C values ranging from -46 to -42‰, whereas the Buccinum sp. gastropods, the echinoderms (holothurids, crinoids and ophiurids), and the other shrimps species (sp1 and sp2) had values ranging from -30‰ to -18‰. Siboglinids and holothurids had the lowest nitrogen signatures, while the other taxa differed, with values ranging from 6 to 13‰. As observed for δ N ranged from 6‰to 6.5‰. However, this taxon was probably composed of two species (A. Warén pers. com) that were not identified before analyses.
Methane-derived carbon contribution
According to the two-source isotope mixing model, macrofauna living on HMMV microbial mats or adjacent sediment depended mainly on chemosynthesis, whatever the carbon source used in the model (Table 1) . The mean estimated contribution of methane-derived carbon ranged from 39% to 61% for mats (48 to 67 %, excluding the signature of the mat itself) and 49% to 67% for taxa in the adjacent sediment. Capitellids, zoarcids, amphipods and pycnogonids sampled on or close to the microbial mats were the taxa that depended the most on methane-derived carbon.
In siboglinid fields, the mean contribution of methane-derived carbon was 0 to 17% and the highest 36% for amphinomid polychaetes and pycnogonids. Most of the associated taxa (flabelligerid polychaetes, ophiurids, gastropods) seemed to mainly rely on photosynthesisbased carbon, with δ 13 C values of > -30‰ and estimates of phytoplankton-derived carbon (1-F m/POC ) ranging from 89% to 100%.
On the Storegga pockmark, the mean methane-derived carbon contribution was higher in siboglinid fields (32 to 62%) than on microbial mats (5-29%) ( Table 2) . Whatever the habitat, some macrofauna taxa (Buccinum sp., Caridae sp1) had slightly depleted δ 13 C signatures (> -30‰), with percentages of methane-derived carbon as low as 0%. Other taxa, including siboglinid, amphinomid and lumbrineid polychaetes, Alvania sp. and C. sabini gastropods mainly relied on chemosynthesis-derived carbon as shown by low δ 13 C signatures and high F m/POC values. Except for O. cf. haakonmosbiensis, these taxa mainly depended on sulphideoxidizing derived carbon, as shown by the low methane contribution (F m/SOB < 50%) but high chemosynthesis contribution (F m/POC > 50%) ( Table 2 ). Most taxa sampled in the vicinity of fluid seepage mainly relied on photosynthesis with less than 8% of methane-derived carbon, except Caridean shrimp sp3 and Alvania sp., whose signature did not vary between on-and off-seep habitats. The three species of shrimps (sp1, sp2 and sp3) greatly differed in their carbon signatures and their dependence on methane-derived carbon (except sp1 and sp2), showing no relationship with the habitat where they were sampled. The most depleted value of δ 13 C was observed off-seep (sp3) and the least depleted value also off-seep (sp1). The large echinoderms that were abundant around the seepage areas (holothurids, crinoids and ophiurids) showed only a limited consumption of methane-based carbon (0-8%).
Similarly, on the G11 pockmark in the Nyegga area, some of the taxa living on siboglinid fields and off-seep depended on photosynthesis with a contribution ranging from 79 to 100% of photosynthesis-derived carbon (1-F m/POC ). However, Alvania sp. gastropods showed significant contributions of methane-based material in their diet whatever the habitat on and off seeps (F=4-43%). As on the Storegga pockmark, the shrimp signatures in the Nyegga differed among the two species. Other vagrant species such as amphipods did not rely, or relied very little, on methane, even those sampled on the microbial mats. Finally, the most depleted taxa were capitellid polychaetes with an estimation of 100% methane-derived carbon in the microbial filament habitat.
Discussion
HMMV: a food web structured by habitat
Stable isotope values of macrofauna and megafauna along the three study sites and estimation of the contribution of chemosynthesis to their nutrition showed that their diet is mainly based on chemosynthetic production. However, some taxa living in the active seep area or in the vicinity of fluid seepage partially or entirely rely on phytoplankton-derived carbon.
On HMMV, the first stable isotope analyses performed on a few macrofaunal taxa revealed high variability in carbon isotope signatures with a high contribution of methane-derived carbon (Gebruk et al. 2003) . In a preliminary study, we observed that carbon isotope signature varies among habitats (Decker and Olu 2010) . On microbial mats and in adjacent sediment, the contribution of methane-derived carbon was high (from 44 ± 19% to 63 ± 12%). The nematod Geomonhystera disjuncta that dominate the meiofaunal compartment of microbial mats is assumed, based on its δ 13 C signature (-41.6 ± 0.4 ‰) to depend on primary production by the sulphur-oxidizing Beggiatoa sp. mat-forming bacteria. (-42.7± 0.2) (Van Gaever et al. 2006 ). In our study, mats showed a heavier δ 13 C value (-35.25 ± 2.84 ‰), and this value was very different from that of most macrofauna living on mats or in adjacent sediment (average -46.9 8 ± 1.46‰ and -47.04 ± 4.01‰, respectively). The macrofauna living on microbial mats (capitellid and dorvilleid polychaetes, rissoid gastropods and pycnogonids) seemed to depend on methane-derive carbon (41-71%), which may be produced by aerobic methanotrophic bacteria observed in the top centimetre of sediment of this habitat, or to a single species of anaerobic methanotrophic archaea (Lösekann et al. 2007 ). Fauna sampled on sediment adjacent to mats (amphipods, pygnogonids and zoarcid fishes) also rely on methanotrophically fixed carbon. Zoarcids were frequently seen making incursions on the mats during dives, and the microbial community may contribute to their diet. Two food chains may thus co-occur in this habitat, one based on sulphur oxidation and the other one based on aerobic or anaerobic methanotrophy. The negative correlation observed between meiofauna and macrofauna densities on HMMV (Van Gaever et al. 2009, Decker et al. subm) , with dominance of nematodes on microbial mats, suggests that these two groups compete for food or space. The abundance of filamentous Beggiatoa mats compared to methanotrophic bacteria or archaea may favour nematodes over macrofaunal taxa in this habitat. The zoarcid fish could be a predator of pygnogonids and caprellids living in sediment adjacent to mats, and of capitellids living in the mat itself according to its nitrogen and carbon signatures. Zoarcids have been observed to make frequent visits to the mats but lie on the bottom in the bare adjacent sediment. They thus may help limit macrofaunal communities and to favour dominance of nematodes. Gut content analysis of the zoarcid fish are necessary to confirm this hypothesis.
In the S. contortum fields, the contribution of methane-derived carbon was lower than on microbial mats and varied among taxa (0 to 17 ± 15% ). Only a few taxa depended chiefly on chemosynthesis, namely Sclerolinum contortum and amphinomid polychaetes and pygnogonids, but methane-derived carbon was very low (0 to 35%).
Length of food chains seems to vary among habitats and within the microbial mats and adjacent sediment habitat. Indeed, in these both habitats the food chain based on sulphuroxidation is about 9.8‰ length whereas that based on methanotrophy is shorter (5.8‰ length). On siboglinid fields, Sclerolinum contortum had the lowest δ 15 N values and the various associated fauna corresponded to different levels of consumers (δ 15 N from 5.39 to 9.38 ‰). We can expect from two (microbial mats/sediment habitat) to four (siboglinid fields) trophic levels according to habitat. Occurrence of vagile megafauna in the first or second level consumers may help to export seep production out of the volcano. Nevertheless, the species sampled (ophiurids, Cryptonica. affinis) showed a low contribution of chemosynthesis-based material in their diet. Pycnogonida and smaller size crustaceans such as amphipods, isopods and tanaids seem to benefit more from local production but likely have a limited dispersion around the seep area and probably do not contribute much to exportation of local production. Zoarcidae also occur in siboglinid fields but have not been sampled there. Although not sampled, Rajidae are quite numerous and may play a role in exchanges with the background community.
On HMMV, the mean percentage of methane-derived carbon was clearly higher on microbial mats and in adjacent sediment (49%-67%) than in siboglinid fields (0%-17%). This contrast between habitats has been observed on the Florida Escarpment with methane derived carbon contributing 50% on microbial mats and 23% in siboglinid fields (Levin and Mendoza 2007) (Fig. 6) . Although the mean carbon signature of the fauna associated with HMMV microbial mats was not as low as in the Florida mat communities (Figure 6 ), the mean methane-derived carbon contribution was higher at HMMV due to a less depleted methane carbon signature (-59.2‰ versus -85‰ HMMV versus the Florida escarpment, respectively). Other estimations of methane-derived carbon on mats are even lower, ranging from 20 to 44% on the Oregon Margin and from 0 to 5% on the California continental slope; however, depth influences the contribution of methane-derived carbon at these sites (Levin and Michener 2002) . In contrast, siboglinid fields in the Gulf of Alaska have higher methanederived carbon estimates (32% to 51%) (Levin and Mendoza 2007) than those on HMMV (0 to 17%). Nevertheless, frenulate fields at the Uruti ridge off New Zealand have lower methane-derived carbon (0 to 1%) than siboglinid fields on HMMV (Thurber et al. 2010) These differences may be related to depth and the influence of surface photosynthetic production that is higher in shallower sites; HMMV is located at 1200m depth while the Alaska seeps are deeper than 3000m and the Uruti ridge is at 716m. Another hypothesis is that the relatively mild environmental conditions in the siboglinid fields on HMMV (low sulphide concentrations and high penetration depth for oxygen ) allows penetration of vagrant species from the background environment.
On HMMV, the relative importance of methanotrophic vs. thiotrophic micro-organisms in the nutrition of invertebrates also varied, mainly among habitats, and most of the organic carbon was derived from sulphur-oxidizing bacteria ((1-F m/SOB ) average 70%) except on microbial mats. In contrast, at the Blake Ridge seep site, where "methanotrophic" mussels form one of the habitats, most of the organic carbon derives from methane (60%), which is similar to our mean estimation on HMMV microbial mats (49%). However, as on HMMV mats, free-living thiotrophic bacteria also contribute to the nutrition of the invertebrate community associated with mussel beds (Van Dover et al. 2003) .
Storegga and Nyegga pockmarks: influence of external inputs
The fluid seepage areas of the Storegga and Nyegga pockmarks are much more limited in space and did not show such a clear contrast in δ C value (<50‰) of O. cf. haakonmobiensis indicated a methane-carbon origin. However, no methanotrophy genes (but those from sulphuroxidation) have been detected in Oligobracchia haakonmobiensis (Lösekann et al. 2008 ) and the chemoautotrophic process occurring in these species is still unresolved.
On seep areas of Storegga and Nyegga pockmarks, contrary to HMMV, no distinct food chains could be elucidated according to habitats ( Figure 5 ). Indeed, signatures of vagrant fauna and their chemosynthetic-carbon contributions did not vary among habitats, but did among species (Table 2) . Alvania sp. and C. sabini gastropods observed on or around microbial filaments probably graze on them. The δ 13 C signature of Alvania sp. and its low variability suggests that it may be endemic of seeps. Shrimps are scavengers (Segonzac et al. 1993 , Iken et al. 2001 , but the three shrimp species found on the pockmarks seem to differ in their use (or dependence) on chemosynthetic carbon production, as shown by their δ 13 C signatures. Indeed one species (sp1) seem to be totally independent of the seep production with signature close to -20‰ whatever the habitat, contrasting with another (sp3) whose signature indicates significant chemosynthesis contribution in its diet. By contrast, the diet of the third species (sp2) found both in Storrega and Nyegga areas seems to vary according to the habitat where it was sampled (Table 2) . On these two pockmarks, we sampled several background species (e.g. Buccinum sp., amphipods, one species of shrimp, holothurids, ophiurids and asteroids) that mostly relied on detritus-based production (1-F m/POC > 92 %). While this is not as clear on Nyegga pockmarks, two food chains could cooccur on Storegga ones, one chain based on chemosynthetic production (δ 13 C around -40‰) and another one based on photosynthetic production (δ 13 C around -20‰),. These chains have different length, 9.2‰ to 12 ‰ respectively, suggesting 3 to 4 trophic levels. This pattern in which sites nearest the seeps lack a trophic level, was also observed on HMMV and could be explained by the absence of predators or scavengers adapted to high sulphide concentration, with the notable exception of the zoarcid fishes on HMMV (Decker et al. subm) .
Comparing the volcano and pockmarks, the range of δ 15 N and therefore the number of trophic levels, is higher on the pockmarks than on HMMV. The diversity of high-level consumers is much higher in the pockmarks than in the volcano with several species of shrimps, large gastropods and echinoderms whereas only ophiurids and the gastropod Crytonatica affinis were sampled in the HMMV Sclerolnum contortum fields. Exportation of seep production and methane derived carbon is likely much higher in the Storrega/Nyegga pockmarks than around the mud volcano. Although some have limited contribution of methane-derived carbon in their diet, several vagile megafauna taxa including shrimps, echinoderms and gastropods could contribute to the export of seep material to the background.
The Storegga Slide is probably an area that receives higher vertical or lateral fluxes of photosynthesis-produced material than HMMV. Visual observations during dives indicated high densities of particles in the water column and high densities of suspension feeders (sponges, Gorgonocephalus sp., crinoids, etc.) in the whole area (Foucher et al. subm.) . HMMV is located deeper, is more isolated and is less likely to receive external inputs of organic matter. Moreover, the small size of scattered seepages (average 30 cm diameter) on the pockmarks, and their low fluid activity compared to the mud volcano probably encourage background fauna to make incursions to the seeps, even if some species do not utilise the chemosynthetic primary production. Similar observations have been made comparing the California continental slope and shelf and at Pacific seeps, where the nutrition of macrofauna of shallower sites is less influenced by seeps (Levin et al. 2000, Levin and Michener 2002) . As shown in Figure 6 , the mean signatures of macrofauna on microbial mats can vary greatly, from the Florida escarpment (-56‰; 3300m) to the Eel River seeps (-22‰; 500m), and seem to be influenced by depth (Levin and Michener 2002) . The mean macrofaunal signature on HMMV mats was located between signatures of the Florida escarpment mats and those of Oregon, while Storegga and Nyegga mat faunas had signatures with higher values, due to incursions of background species. Nevertheless, the pockmarks had more depleted signatures than Eel River mat fauna, because the pockmarks are inhabited by higher proportion of chemosynthesis-dependent species (endemic or opportunists) compared to vagrant background fauna that dominate at Eel River. For siboglinid-associated fauna, the sites with the most depleted values are the deepest coldseep sites studied: Gulf of Alaska seeps (-46‰, 4400 m) and Unimak seeps (-24‰, 4400 m), suggesting that depth is not the main controlling factor of macrofaunal nutrition in this habitat.
Conclusion
The isotopic signatures of the seep-associated fauna revealed food chains that were more or less distinct among habitats, according to the seep sites we explored. The signatures reflect differences in spatial patterns among seep sites, with very active mud volcano with a clear activity gradient from the centre to the periphery, and pockmarks characterised by mosaic of isolated fluid seepages with lower intensity and restricted in space, scattered in an area receiving higher external inputs. The mud volcano food chains contrasted with highly specialised fauna in habitats influenced by seep activity, while the nutritional patterns on pockmarks were less structured according to habitat but according to species. The less depleted macrofaunal δ 13 C signatures in Storegga pockmarks suggest that the seep size and their spatial organisation influence the distribution of seep endemic vs. background species in the different habitats and the relative importance of the seep production in food chains.
The occurrence of different food chains among but also within a same habitat as suggested for HMMV microbial mats strengthens the hypothesis of the importance of microbial communities in structuring the higher trophic levels, with potentially several parallel single, short food chains based on different microbial populations. Further investigations of the tight relationships between microbial diversity and functions and heterotrophic fauna are need to gain insight of the nutritional patterns in highly heterogeneous seep ecosystems. Tables   Table 1: Isotope 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
